Cardiorenal syndrome type 1 (CRS1) pathophysiology is complex, and immune-mediated damage, including alterations in the immune response with monocyte apoptosis and cytokine release, has been reported as a potential mechanism. In this study, we examined the putative role of renal tubular epithelial cell (RTC) apoptosis as a pathogenic mechanism in CRS1. In particular, we investigated the caspase pathways involved in induced apoptosis. We enrolled 29 patients with acute heart failure (AHF), 11 patients with CRS1, and 15 controls (CTR) without AHF or acute kidney injury (AKI). Patients who had AKI prior to the episode of AHF or who had any other potential causes of AKI were excluded. Plasma from different groups was incubated with RTCs for 24 h. Subsequently, cell apoptosis, DNA fragmentation, and caspase-3, -8, and -9 activities were investigated in RTCs incubated with AHF, CRS1, and CTR plasma. A p value <0.5 was considered statistically significant. A quantitative analysis of apoptosis showed significantly higher apoptosis rates in CRS1 patients compared to AHF patients and CTR (p < 0.01). This increase in apoptosis was strongly confirmed by caspase-3 levels (ρ = 0.73). Caspase-8 and -9 were significantly higher in CRS1 patients compared to AHF patients and CTR (p < 0.01). Furthermore, caspase-3 levels showed a significantly positive correlation with caspase-8 (ρ = 0.57) and -9 (ρ = 0.47; p < 0.001). This study demonstrated the significantly heightened presence of dual apoptotic disequilibrium in CRS1. Our findings indicated that apoptosis may have a central role in the mechanism of CRS1, and it could be a potential therapeutic target in this syndrome.
Introduction
Organ systems are closely interconnected, performing a larger task, which is leading to 'organ crosstalk'; in particular, heart performance and kidney function are intimately related by a synergistic relationship. Furthermore, recent studies have demonstrated that cardiac disease can directly contribute to worsening kidney function and vice versa [1] [2] [3] [4] . The Acute Dialysis Quality Initiative (ADQI) proposed the cardiorenal syndrome (CRS) definition and classification, a comprehensive characterization of this complex heart-kidney crosstalk [5] . The intersection of cardiac and renal dysfunction has important therapeutic and prognostic implications, so this new classification represents a first step forward to a better understanding of the pathobiology, pathophysiology, and management strategies of the reciprocal heart-kidney interactions.
CRS type 1 (CRS1) is a multifactorial syndrome involving different mechanisms and is characterized by a rapid worsening of cardiac function leading to acute kidney injury (AKI) [1, [6] [7] [8] . Activation of the immune and cellular response, inflammation, oxidative stress, and activation of apoptotic pathways are involved in the pathogenesis of CRS1 [7, [9] [10] [11] [12] [13] .
Approximately one third of patients with acute heart failure (AHF) develop AKI defined by an increase in serum creatinine (sCr) of ≥ 0.3 mg/dl [14] . Furthermore, patients who develop AKI after an acute cardiac event have a significantly higher mortality risk [15] . Moreover, AKI has been associated with a higher risk of prolonged/re-hospitalization, cardiovascular events, and all-cause mortality and with a faster progression to chronic kidney disease (CDK) [16, 17] .
A number of pathobiological processes contribute to initiating and perpetuating AKI, including endothelial and epithelial cell death as well as immunological and inflammatory processes. In addition, experimental evidence supports a pathogenic role for apoptosis in AKI [18] . Several common renal insults, such as ischemia, toxic injury, radiation, and ureteral obstruction, cause apoptosis in the kidney [18] .
The kidney epithelium is particularly susceptible to injury that results in cell death due to apoptosis and necrosis with the loss of renal epithelial cells [19] . In fact, renal tubular epithelium is a major site of cell injury and cell death during AKI [20, 21] , and all experimental models of AKI, such as ischemia-reperfusion, sepsis-endotoxemia, and toxin exposure, demonstrated a strong association between inflammatory activity and renal cell apoptosis [18, 20] .
Recent studies have specifically shown that apoptosis is implicated in CRS1 pathogenesis [11, 12] . These findings suggest the presence of proinflammatory cytokines and proapoptotic factors in CRS1 plasma that induce a defective regulation of monocyte apoptosis in such patients [11, 12] . Unfortunately, the authors of these studies did not elucidate the precise signaling pathway involved in this induced apoptosis: there are two main intracellular pathways for apoptosis (intrinsic and extrinsic) characterized by activation of different activator caspases [22] . The two pathways are linked and converged by caspase-3 [23] .
In this study, we examined the effect of CRS1 plasma on renal tubular epithelial cell (RTC) apoptosis as a pathogenic mechanism in this syndrome. In particular, we investigated the caspase pathway involved in this induced apoptosis.
Materials and Methods

Study Population
Patients admitted to the Department of Internal Medicine of San Bortolo Hospital in Vicenza, Italy, between September 2011 and December 2011 were screened. A total of 40 patients with AHF were further examined for inclusion into the study. Echocardiograms were performed within 6 h of admission into the Internal Medicine ward. AHF was defined according to the European Society of Cardiology guidelines [24] , while AKI was defined according to the Acute Kidney Injury Network (AKIN) criteria [16] . Applying AKIN criteria, the strict definition was used for increments of sCr within 48-hour intervals. We compared daily sCr values during the first 7 days of hospitalization. CRS1 was defined according to the current classification system [1, 6] , sCr was measured by the Jaffe method, and the estimated glomerular filtration rate (eGFR) was calculated with the 4-variable standardized Modification of Diet in Renal Disease (MDRD) study equation.
Patients with AKI prior to the episode of AHF, patients with other potential causes of AKI or with CKD (eGFR <45 ml/min/1.73 m 2 , CKD stage 3a), and patients with previous kidney transplantation were excluded. Septic and hypotensive patients who required inotropic support prior to the diagnosis of AKI were not included into the study. We considered the creatinine level of the 3 months before admission of all patients enrolled into the study as the baseline value.
Forty patients were finally enrolled. Subsequently, 11 patients who exhibited AKI at the time of admission for AHF or who developed AKI during the course of hospitalization were classified as CRS1. AKI was presumed to be related to cardiac dysfunction after exclusion of other possible causes of renal damage based on the review of the clinical course of the patients. The 29 patients with AHF who did not develop AKI during hospitalization were analyzed to better understand the contribution of cardiac dysfunction to renal apoptosis. In addition, 15 healthy volunteers without AHF or AKI and other comorbidities were recruited as a control (CTR) group for this study. Patients were recruited at the Blood Center of San Bortolo Hospital, and plasma from these subjects was kindly provided by the blood bank of San Bortolo Hospital.
Clinical data, blood pressure, sCr, blood urea, hemoglobin, serum albumin, and brain natriuretic peptide (BNP) were evaluated and collected at admission. All patients were informed about the experimental protocol and the objectives of the study before providing informed consent and blood samples. All procedures were in accordance with the Helsinki Declaration. The protocol and consent form were approved by the Ethics Committee of San Bortolo Hospital.
Sample Collection
Peripheral venous blood samples were collected from all 40 patients within 8 h of admission into the Internal Medicine ward; for those who developed CRS1, we also collected a blood sample within 24 h of AKI. Blood samples were collected in EDTA tubes and subsequently centrifuged for 10 min at 3,500 rpm. Following centrifugation, plasma was immediately separated from blood cells and stored at -80 ° C until use. All samples were processed within 4 h after collection. Collection and processing of control samples from healthy volunteers followed an identical protocol.
RTC Culture
Primary cultures of human proximal RTCs were obtained from kidneys removed by surgical procedures from patients affected by renal carcinomas. An immortalized human proximal RTC line was generated by infection with a hybrid Adeno5/SV40 virus. The purity of the primary cultures was assessed on the basis of cell characterization, according to published criteria [25, 26] . RTCs were cultured in completed liquid-phase medium (RPMI-1640, PBI International, Milan, Italy) supplemented with 10% heat-inactivated fetal bovine serum for 30 min at 56 ° C, 2 m M L -glutamine, 100 IU/ml penicillin, and 100 mg/ml streptomycin (Sigma Chemical Co., St. Louis, Mo., USA). These cells were maintained in a controlled atmosphere (5% CO 2 ) at 37 ° C and passaged at 80% confluence checked by an inverted microscope.
Induction of Apoptosis
RTCs were treated with participants' plasma from the CRS1, AHF, and CTR groups. For CRS1 patients, we used plasma within 24 h of the AKI event. The ability of plasma to induce apoptosis was evaluated at 24 h. Untreated cells were maintained in the same manner and used as an internal control.
RTCs were plated at 2 × 10 6 cells per well in 6-well plates and incubated with 90% RPMI-1640 medium (with 2 m M L -glutamine, 100 IU/ml penicillin, and 100 mg/ml streptomycin) and 10% of EDTA plasma from the CRS1, AHF, and CTR groups in the standard condition (at 37 ° C in 5% CO 2 for 24 h). Prior to use, RTCs were washed twice in Dulbecco's phosphate-buffered saline (PBS; without calcium and magnesium), pH 7.4. Each incubation was performed in triplicate.
Evaluation of Apoptosis
RTC apoptosis was evaluated 24 h following treatment with CRS1, AHF, and CTR plasma in accordance with published protocols [9, 27, 28] .
Trypan Blue Exclusion Cell Viability Assay 50 μl of cell culture was added to 50 μl of trypan blue (Sigma Chemical Co.) exclusion dye and examined under the microscope to verify membrane integrity. Cell viability is calculated by the number of viable cells divided by the number of total cells in percent at a magnification of ×20.
Detection of DNA Fragmentation Apoptosis is characterized by DNA fragmentation, showing a ladder-like pattern, and nuclear fragmentation in several small fragments.
Untreated and plasma-treated RTCs (1 × 10 6 cells) were harvested and washed with Dulbecco's PBS. The DNA fragmentation assay was performed using an Apoptotic DNA Ladder Extraction Kit (BioVision Inc., Milpitas, Calif., USA) according to the manufacturer's protocol.
DNA ladder fragmentation was detected by electrophoresis on 1.5% agarose gel staining with Syber Safe (Life Technologies, Monza, Italy). The bands were visualized under ultraviolet light.
Cytofluorometric Assay
The Annexin V-FITC kit (Beckman Coulter, Brea, Calif., USA) is an apoptotic detection kit based on the binding properties of annexin V to phosphatidylserine and on the DNA-intercalating capabilities of propidium iodide (PI). Cells were washed twice with cold Dulbecco's PBS and resuspended in 500 μl of PBS at a concentration of 1 × 10 6 cells/ml. 100 μl of this solution was incubated by 5 μl of FITC-conjugated annexin V and 2.5 μl PI (Beckman Coulter). The cells were gently vortexed and incubated for 15 min at room temperature (25 ° C) in the dark. Then, 400 μl of 1× binding buffer was added to each tube. Analysis was performed by Navios Flow Cytometer (Beckman Coulter) to identify the subpopulations of the apoptotic cells within 1 h. Apoptotic cells were gated and enumerated by identifying those cells that exhibited FITC and PI staining. Annexin V-FITC labeling was used to quantitatively determine the percentage of cells that were undergoing apoptosis. PI was used to distinguish necrotic from nonnecrotic cells. The biparametric analysis showed three distinct populations: viable cells which had low FITC and low PI signals, apoptotic cells which had high FITC and low PI signals, and necrotic cells which had high FITC and high PI signals. A minimum of 20,000 events were collected on each sample.
Determination of Caspase-3, -8, and -9 Activity RTCs were assayed for activation of caspase-3, -8, and -9. Caspase-3 concentration was measured by human caspase-3 instant enzyme-linked immuno-sorbent assay (ELISA) kit (eBioscience, San Diego, Calif., USA) with a fluorometric assay, while caspase-8 and -9 concentration was measured, respectively, by human caspase-8 and human caspase-9 platinum ELISA kit (eBioscience) with a fluorometric assay. RTCs incubated with plasma for 24 h were processed according to the manufacturer's instructions. Caspase-3, -8, and -9 levels were measured in cell lysates at 450 nm by VICTOR X4 multilabel plate reader (Perkin Elmer Life Sciences, Waltham, Mass., USA). Caspase-3, -8, and -9 concentrations (ng/ml) were calculated from the standard curve according to the manufacturer's protocol. Standard samples ranged from 0.16 to 10.0 ng/ml for caspase-3 and -8, and from 1.6 to 100 ng/ml for caspase-9. Human caspase-3 instant ELISA kit sensitivity is 0.12 ng/ml, human caspase-8 platinum ELISA kit sensitivity is 0.10 ng/ml, and human caspase-9 platinum ELISA kit sensitivity is 0.4 ng/ml.
Statistical Analysis
Statistical analysis was performed using the STATA software package. Categorical variables were expressed as percentages; continuous variables were expressed as means ± standard deviations (parametric variables) or medians and interquartile ranges (IQRs; nonparametric variables). The Mann-Whitney U test or t test were used for comparison of two groups, as appropriate. The Kruskal-Wallis test for multiple comparisons was applied to compare the groups. A p value of <0.05 was considered statistically significant.
Results
Subjects' Baseline Characteristics
Causes of admission for AHF included non-ST segment elevation myocardial infarction (2%), excessive salt and fluid intake (29%), hypertensive crisis (14%), and other causes (45%). The other 10% of patients did not have a recognizable cause of AHF.
The mean age of the 11 patients with CRS1 was 74.0 ± 13.1 years, and 45% of these patients were male. The median baseline sCr of CRS1 patients was 0.96 mg/dl (IQR 0.88-1.02), and the median eGFR was 62 ml/min/1.73 m 2 (IQR 55-75). Seven CRS1 subjects (63%) had diabetes and 10 (90%) had hypertension.
Three patients (27%) exhibited AKI at the time of admission (caused by AHF and other potential excluded sources of AKI), 6 patients (55%) exhibited AKI during the second day, and 2 patients (18%) exhibited AKI during the third day. All CRS1 patients were classified as AKIN stage 1.
The mean age of the 29 patients with AHF was 73.6 ± 9.5 years, and 58% of these patients were male. The median baseline sCr of AHF subjects was 0.98 mg/dl (IQR 0.87-1.15), and the median eGFR was 67 ml/min/1.73 m 2 (IQR 53-82). Twelve subjects (41%) of the AHF group had diabetes and 27 AHF subjects (93%) had hypertension. The characteristics of CRS1 and AHF patients are described in table 1 .
The mean age of the 15 healthy volunteers was 52.0 ± 7.7 years, and 47% of these subjects were male.
No patients had exposure to radiocontrast media in the 72 h preceding AKI. No patients developed a need for mechanical ventilation and renal replacement therapy. Urea, hemoglobin, albumin, BNP, and troponin I were not significantly different at admission in CRS1 and AHF patients.
Apoptotic Effect of CRS1 Plasma on RTCs
Since cell growth inhibition and formation of apoptotic bodies were indicative of apoptosis induction, we examined the induction of DNA ladder formation and other characteristic features of apoptosis by the methods described above. RTC viability was 95%, as assessed by trypan blue exclusion.
In the RTC line treated for 24 h with CRS1 and AHF plasma, the results showed DNA ladder formation with different molecular weight fractions, suggesting the presence of apoptotic events. The quantitative analysis of apoptosis by flow cytometry using the Annexin V/ PI cytofluorometric assay confirmed that RTCs incubated with plasma from CRS1 patients had significantly higher apoptosis rates compared with those incubated with plasma from AHF patients and CTR (p < 0.001). The level of apoptosis detected after incubation was 31.0% (IQR 24.5-34.5) for CRS1 patients, while it was 16.4% (IQR 12.0-18.9) in the AHF group and 1.3% (IQR 1.2-1.6) in CTR ( fig. 1 a) .
The increase in apoptosis indicated by flow cytometry was further confirmed by the caspase-3 concentration. In accordance with the apoptosis rate, RTCs incubated with plasma from CRS1 patients demonstrated a significantly higher caspase-3 activity compared to the AHF and CTR groups (p < 0.01). The level of caspase-3 detected after 24 h of incubation was 2.69 ng/ml (IQR 2.51-2.80) for CRS1 patients, while it was 1.77 ng/ml (IQR 1.68-1.87) in the AHF group versus 0.76 ng/ml (IQR 0.74-0.86) in CTR ( fig. 1 b) . A strong correlation between caspase-3 and cytofluorometric apoptotic levels was observed (ρ = 0.73; p < 0.05).
The activity of caspase-8 detected after 24 h of incubation was 0.71 ng/ml (IQR 0.70-0.78) for CRS1 patients, while it was 0.18 ng/ml (IQR 0.15-0.28) in the AHF group versus 0.14 ng/ml (IQR 0.12-0.17) in CTR. The concentration of caspase-9 detected after 24 h of incu- Values are means ± standard deviations or medians (IQRs), unless otherwise specified. n.s. = Not significant. Fig. 1 . Quantitative analysis of apoptosis in RTCs. In a quantitative analysis of apoptosis, RTCs incubated with plasma from CRS1 patients showed significantly higher apoptosis rates compared with those incubated with plasma from AHF patients and CTR ( a ). In concordance with the apoptosis rate, RTCs incubated with plasma from CRS1 patients demonstrated a significantly higher caspase-3 concentration ( b ). bation was 37.86 ng/ml (IQR 32.99-52.38) for CRS1 patients, while it was 15.89 ng/ml (IQR 11.49-19.48) in the AHF group versus 7.41 ng/ml (IQR 6.29-9.14) in CTR. Caspase-8 and -9 were significantly higher in the CRS1 group compared to the AHF group and CTR (p < 0.01; table 2 ). Furthermore, caspase-3 levels showed a significantly positive correlation with caspase-8 (ρ = 0.57) and caspase-9 (ρ = 0.47) (both, p < 0.001).
Discussion
The pathological mechanisms that cause AKI after AHF are multiple and very complex, including renal endothelial and epithelial cell death, inflammation, and immunological processes. Recent studies have demonstrated a pathogenic role of apoptosis in the development of AKI, in the development of AHF, and in the CRS1 initiation [7, 11, 18] . Renal apoptosis is supposed to have a central role in the mechanism of CRS1, and it could be a potential therapeutic target in this syndrome.
Two main intracellular pathways for apoptosis have been recognized: ligation of plasma membrane death receptors (extrinsic pathway) and perturbation of the intracellular homeostasis (intrinsic pathway). In the extrinsic pathway, the Fas/FasL system transmits apoptotic signals from the surrounding environment into the cell; the binding of FasL with Fas initiates receptor oligomerization, which recruits Fas-associated death domain (FADD) and activator caspase-8 and -10 [29] [30] [31] . These caspases are activated upon oligomerization and then cleave protein substrates to activate downstream effector caspases. In contrast, the intrinsic pathway involves intracellular organelles, the most important being mitochondria [32] [33] [34] . Caspases are widely expressed in an inactive monomeric proenzyme form in most cells and require dimerization and cleavage for activation; once they are activated, other procaspases are often initiated, allowing the initiation of a protease cascade. This proteolytic cascade, in which one caspase can activate other caspases, amplifies the apoptotic signaling pathway leading to an accelerated feedback loop of caspase activation and to rapid cell death [22, 35] .
In this study, we reported a marked proapoptotic activity, highlighted by phosphatidylserine translocation to the external portion of the cell membrane, DNA fragmentation, and caspase-8, -9, and -3 activation in the RTCs incubated with plasma from CRS1 patients compared to AHF patients and CTR. We included an AHF population to better understand the contribution of cardiac dysfunction to renal apoptosis. Importantly, the activation of both intrinsic and extrinsic pathways leads to cellular apoptosis, as observed in RTCs treated with CRS1 plasma.
In fact, apoptosis occurred via the external apoptotic pathway and caspase-8 activation and via the loss of mitochondrial potential, release of factors from the mitochondria, and activation of caspase-9. In RTCs, CRS1 induces dual apoptotic pathway activation; in fact, both caspase-8 and -9 lead to activation of caspase-3. Caspase-3 is an effector caspase; it plays a direct role in the proteolytic cleavage of the cellular proteins responsible for progression to apoptosis [23] . This study provides an initial characterization of the apoptotic program in CRS1. We found that different apoptotic stimuli activate dual apoptotic pathways, one mediated by the extrinsic pathway and the other by the intrinsic pathway. The extrinsic and intrinsic pathways converge on the same execution pathway and on caspase-3 activation. The cleavage of caspase-3 and its activation causes DNA fragmentation, demolition of key structural cytoskeletal and nuclear proteins, cross-linking of proteins, and formation of apoptosis bodies [22] . Our results showed apoptotic DNA ladder formation with different molecular-weight fractions, suggesting the presence of apoptotic events. Fragmentation of the genomic DNA is a biochemical hallmark of apoptosis, an irreversible event that commits the cell to die. In many systems, this DNA fragmentation has been shown to result from activation of an endogenous nuclear endonuclease. This enzyme selectively cleaves DNA at sites located between nucleosomal units generating mono-and oligonucleosomal DNA fragments. In the final stage of apoptosis, the cell disintegrates into apoptotic bodies that are rapidly phagocytosed and destroyed by phagocytes avoiding inflammation, tissue damage, and damage to surrounding cells [36] .
The dysregulation of cell death by excessive or defective apoptosis has been implicated in a variety of disease states [37] . These findings suggest that there is a significantly heightened presence of dual apoptotic disequilibrium in RTCs incubated with CRS1 plasma compared to RTCs treated with AHF patients' and CTR plasma. We demonstrate evidence for the delineation of two distinct apoptotic pathway activations in CRS1, and complex interactions between different intracellular pathways determine the cellular responses to the extracellular environment or to intracellular damage. Finally, apoptotic mechanisms and caspase activations are implicated in the CRS1 pathophysiology; furthermore, these findings strengthened our previous results [6, 11] .
Over the last few years, many studies have demonstrated that survival factors and anticytokine strategies, such as TNF-α, FasL, and TWEAK, can prevent apoptosis in vivo [38] [39] [40] [41] [42] [43] [44] [45] [46] [47] . In vivo caspase inhibitors protect against ischemic injury in different organs, such as the brain, heart, and kidney [48] . These interventions might be beneficial in AHF patients with CRS1 based on this evidence. However, an understanding of the exact mechanisms involved in CRS1 apoptosis in RTCs is very important and fundamental for exploring the utility of antiapoptotic therapies to prevent or cure kidney apoptosis in vivo. Although accumulating evidence suggests a role for apoptotic pathways in the CRS1 pathobiology, actually, there is an incomplete understanding of the molecular regulation of apoptosis in the renal cell. In particular, stimulus-and cell-specific apoptotic pathways activated during the course of CRS1 should be better characterized and explored. This study has some limitations which should be taken into account when interpreting the results. It is limited by the restricted number of patients and by the in vitro experimental evaluations (it can be very challenging to extrapolate the results of an in vitro model to the biology of the intact organism as a whole). Furthermore, for our experiments, we used a human renal tubular cell line immortalized by the Adeno5/SV40 virus. In vivo, the response of these cells could be partially different because of the presence of cell-cell interactions, extracellular matrix interactions, and the real biological context.
Further investigations are therefore necessary to better understand this pathophysiological process and the therapeutic and prognostic implications for CRS1. Future research should focus on defining the cellular and molecular targets, the optimal time frame, and the specific strategies for therapeutic intervention in this syndrome.
